Abstract-The baseband and intermediate frequency (IF) frequency modulated continuous wave (FMCW) radar receiver topologies are compared on the bases of receiver nonlinearity, time domain interferometry, receiver noise and demodulator port isolation. It is shown that an IF receiver is capable of suppressing distortions, where the same nonlinearity would result in a baseband (or zero-IF) receiver detecting false targets. Due to flicker noise at low beat frequencies, an IF receiver has better noise performance than an equivalent baseband receiver. This is assuming the receiver's IF is higher than its noise corner frequency. It is demonstrated that IF receiver's are immune to false targets that result from demodulator local oscillator (LO) to radio frequency (RF) port leakage.
I. INTRODUCTION
FMCW radars have a large range of applications in the civilian and military sectors, including aircraft navigation (radio altimeters), subsurface examination, weather monitoring, and many more remote sensing applications [1] .
Receivers have limited dynamic range (DR) and can saturate due to large input signals. Close range targets or poor isolation between a radar's transmit and receive paths result in large received signals. It is hypothesised that certain radar topologies are more suited to coping with receiver nonlinearities. The IF and commonly-used baseband FMCW radar receiver topologies are compared in terms of component nonlinearity, time domain interferometry, receiver noise and demodulator port isolation.
A receiver produces an IF when heterodyning the received signal with an LO. The heterodyne signal's frequency is equal to the difference in frequency between two mixed signals [2] .
Block diagrams of the baseband and IF offset FMCW radar receiver topologies are illustrated in Fig. 1 . A baseband receiver's LO is equal to the radar's transmission signal, where a fixed frequency offset is added to an IF receiver's LO. The frequency offset is the spectral location of the transposed carrier signal, i.e. an IF FMCW radar's zero beat frequency (f b = 0), due to zero propagation delay, is equal to its IF.
In the context of Fig. 1 the transmission source produces a sinusoidal carrier signal that is described by the following
where the frequency is a periodically generated linear sweep given by
The frequency sweep bandwidth is
and the modulation period is T m . For the IF offset receiver topology shown in Fig. 1 (b) the LO's frequency is In section III it is shown that assuming an IF offset receiver's IF is greater than the receiver's noise corner frequency (f nc ), it's noise performance at beat frequencies below f nc is greater than an equivalent baseband receiver.
Poor isolation between a demodulator's LO and RF ports can result in the detection of false targets. It is found that the IF receiver topology is immune to false targets caused by demodulator LO to RF leakage.
II. RECEIVER NONLINEARITY A receiver with an offset IF greater than its passband bandwidth (f BB ) is shown in Fig. 2 (a) . It is hypothesised that more of the harmonics and intermodulation products (IMPs) generated from receiver saturation will fall outside the IF receiver's passband when compared to a zero-IF receiver with an equal baseband bandwidth as illustrated in Fig. 2 (b) . To understand an FMCW radar receiver's nonlinear behaviour. The components at risk of saturation should be identified. These components are usually the low noise amplifier (LNA), down-converter (demodulator), baseband/IF gain stage (G D ) and analog-to-digital converter (ADC) illustrated in Fig.  3 [2] .
In most modern radar receivers ADCs are used to quantise down-converted signals. An ADC's DR is the difference between the maximum distortion free signal (MDFS) and minimum detectable signal (MDS) it can reliably quantise.
As illustrated by Fig. 4 , receivers are designed that their cascaded RF front-end has a greater spurious free dynamic range (SFDR) than the ADC's DR. Therefore, the ADC truncates the receiver's RF DR. The ADC's full scale range dictates the largest detectable signal and the smallest signal the ADC can quantise determines the receiver's MDS. It is desired that after a signal is quantised, the total noise is dominated by the RF front-end's noise contribution
Therefore, the ADC's first few quantisation steps are occupied by the analog circuit's noise floor. The noise floor is raised by adding gain to the receiver chain [3] . In many cases the gain is provided by high voltage gain operational amplifiers (opamps) represented by a gain block (G D ) in Fig. 3 . The added gain moves the effective DR relative to the total RF SFDR. By adding gain the receiver's sensitivity is increased but its maximum detectable input level is decreased. Consequently, signals that barely rise above the receiver's noise floor are detected. To prevent aliasing due to nonlinear distortions the IF gain block is designed to clip the supply rail allowing the ADC to always operate linearly. Thus, the first component that saturates due to large reflections is the IF gain block, slightly decreasing the effective DR.
A. Non-linear model
A device's nonlinear behaviour can be described by different models that have varying degrees of accuracy and complexity. For the case under consideration two FMCW radar receiver implementations are compared. Therefore, it is assumed that the same components with similar specifications and nonlinear behaviour are used in both implementations. The radar topologies are under scrutiny and not component performance.
The amplitude of any spectral component at the device output, that results from multi-tonal excitation, is calculated by first determining the input versus output voltage curve that describes the device's nonlinear behaviour. The input versus output curve is approximated by a truncated Maclaurin series. The Maclaurin series coefficients are used to solve for specific frequency components by applying an algorithm derived by Sea et al. in [4] and [5] .
From an op-amp's input pin to its supply rails it has electrostatic discharge (ESD), clamping, or parasitic diodes [6] . During the over voltage case, due to large input signals, the diodes are biased. Therefore, a diode voltage limiter model, illustrated in Fig. 5 , is used to describe an op-amp's input versus output voltage curve. The diode voltage (V D ) and current (I D ) are related by the ideal diode equation
where I S , n, and V T are the diode's reverse-saturation current, ideality factor (or emission coefficient), and thermal voltage
The diode's absolute temperature, magnitude of the electron charge, and Boltzmann's constant are represented by T , q, and k respectively. 
where v out is contained within a trigonometric function and cannot be solved algebraically in terms of v in . A root finding algorithm is applied to determine an approximate answer to (9) that produces a truncate Maclaurin series of the form
where n 0 is an integer number of terms. The input signal is the sum of cosine signals with arbitrary frequency, phase and magnitude
As an example the model is applied to describe the nonlinear behaviour of a Linear Technology LT6200 op-amp. This opamp is used in an IF FMCW radar designed by the authors. The model parameters are determined by matching the measured third order harmonic (H3) and IMPs when the op-amp is excited by a two tone input signal i.e. M = 2 in (11). With unity gain and a 5 V supply rail the nonlinear model's input-to-output voltage curve as shown in Fig. 7 is described by the model parameters documented in Table I . The output compression starts when the input signal exceeds 5 V peak-topeak voltage swing. Due to constructive interference the fullscale input of the receiver is shared among the received signals. Thereby the largest possible singular input for distortion-free reception is reduced. Assuming all the received signals have the same amplitude, each time the number of carriers double, the largest any of the signals can be without the receiver saturating is halved. This is a rough estimate of the adjustment to the full-scale signal level caused by additional carriers [3] .
B. Time domain interferometry
The nonlinear model is used to compare the saturation characteristics of the IF and zero-IF receiver topologies. The fundamental signals at frequencies f 1 and f 2 are the first and second reflection's beat frequencies, therefore f 1 < f 2 . It is assumed that the first reflection's amplitude (A 1 ) is large enough to cause the receiver to saturate and that the third order IMPs, at f IMP 3A = 2f 1 − f 2 and f IMP 3B = 2f 2 − f 1 , are located within the receiver's detection bandwidth
Given symmetrical clipping, the third order harmonic and IMPs are the most problematic distortions because they have large magnitudes and are in close proximity to the desired target signals.
To allow for a practical anti-aliasing (AA) filter design, the IF is selected an order of magnitude greater than the receiver's passband. Equation (13) shows that for an IF receiver, if the second order harmonic (at f H2 ) is generated by a signal at zero beat frequency, all harmonics are located outside the IF receiver's passband and are suppressed by the anti-aliasing filter.
Equation (13) illustrates that an IF receiver can suppress all harmonic distortions, where a zero-IF receiver can not. Therefore, in the case of an IF receiver the only distortions that are detectable are the low order IMPs. Both the IF and zero-IF receivers are susceptible to these IMPs. Consequently, the difference in nonlinear performance under multi-tonal excitation is quantified by determining for which excitations the third order IMPs are below the third order harmonics.
Equations (14) and (15) show that the magnitude of IMP3A is a stronger function of the first fundamental signal's input power than IMP3B, where P OIP 3,IM is the third order intermodulation intercept point [7] . This agrees with the measurements presented in Fig. 6 (b) and (c) where IMP3A = IMP3B when Due to signal propagation losses it is assumed that the first reflection's magnitude is greater than any subsequent reflections. The worst case scenario of both the IF and baseband receivers are considered by comparing IMP3A with the third order harmonic. The distortion amplitude ratio between these two components are illustrated in Fig. 8 . For (A H3 /A IMP 3A ) dB values above 0 dB the first fundamental component's third order harmonic is greater than IMP3A.
Given that the strongest harmonic components are detectable and the low order IMPs are below the minimum detectable signal (MDS) level, it follows that the IF receiver is capable of suppressing distortions that would result in the detection of false targets in the case of a zero-IF receiver. Fig. 9 : IF receiver spectrum, where the fundamental components are detected and IMP3A is below the MDS level. Fig. 10, are suppressed 
For A 1 = 2.71 V, the distortion amplitude ratio, illustrated in Fig. 8 , is above 0 dB at input ratios below -12 dB. Therefore, the first fundamental component's third order harmonic is greater than IMP3A when (A 2 /A 1 ) dB < −12 dB. When applying the same excitation to a baseband receiver, the third order harmonic is detected as a false target because its magnitude is greater than the MDS level as illustrated in Fig.  11 . 
III. NOISE CORNER FREQUENCY
When considering receiver DR, noise is an important parameter. Op-amp intrinsic noise sources contain both flicker noise with 1/f (or pink) power spectral density (PSD), and white noise (flat PSD) that add to the receiver's noise floor. Given a white noise source with a voltage spectral density of S w (f ) = e 2 n . The white noise mean-square voltage is determined as follows
where e n is an op-amp's white noise voltage specification squared in V/ √ Hz, with f L and f H as the lowest and highest frequencies of interest. A flicker noise source is defined as
where e 2 p is the flicker noise mean-square voltage, and K e is the device constant in volts. From (16) and (17) it is seen that pink noise is the dominant noise source at low frequencies.
The total effective input noise of an op-amp versus frequency on a log-log scale presents flicker noise as a straight line that has a constant slope. The frequency where pink and white noise contributions are equal is referred to as the noise corner frequency (f nc ) and is depicted in Fig. 12 [8] . The noise corner frequency is given by As an example the voltage noise corner frequency (f enc ) of the Linear Technology LT6200 op-amp is determined by applying (18) and the input noise voltage versus frequency graph provided in the device datasheet [9] . The value of K 2 e is determined by subtracting the white noise voltage squared from the equivalent input noise (e 2 ni ) at the lowest possible frequency (f low ) in the 1/f noise region Assuming the IF is greater than the noise corner frequency, the IF receiver's noise performance at beat frequencies below f nc is better than an equivalent baseband receiver.
IV. DEMODULATOR LO TO RF LEAKAGE
A demodulator has limited isolation between its RF and LO ports. Consequently, some of the LO signal leaks to the RF port and visa versa. If the RF port is connected to a poorly matched source (e.g. antenna, LNA) some of the leaked signal energy is reflected back to the demodulator's RF port and mixed down to baseband as illustrated in Fig. 13 . The baseband beat frequency (f LO,1 ) of the resultant spurious signal depends on the length of cable between the mismatched ports.
Assume that a matched antenna is connected to the demodulator's RF port (i.e. no LNA to increase the isolation between the antenna and demodulator) and the antenna is held close to a target surface. The signal leaked from the LO to RF port is transmitted and then received by the same antenna at the demodulator's RF port. Due to the time delay caused by signal propagation, the reflection is mixed down to baseband at a beat frequency related to the delay (f LO,2 ).
This scenario results in false targets for a zero-IF receiver because the spurious signals are mixed to baseband and not the offset IF. Therefore, an IF receiver is immune to false targets resulting from LO to RF leakage.
V. CONCLUSION
FMCW radar receivers can saturate due to large reflections from close range targets. It is shown that the IF receiver can suppress harmonics and IMPs a zero-IF receiver can not. However, low order IMPs still have the potential to fall within the IF receiver's passband. Depending on the nature of an excitation, IF receivers can recover from different levels of saturation. Though the application has limitations with regards to the received signal characteristics, the IF receiver has better or equivalent performance when compared to a baseband receiver. It is shown that at low beat frequencies, an IF receiver's sensitivity is better than an equivalent baseband receiver due to flicker noise decreasing with an increase in operating frequency. Finally, IF receivers are not susceptible to false targets caused by demodulator LO to RF leakage.
